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We investigate the ourrene of a two-step spin-op transition and spin reorientation when
a longitudinal magneti eld is applied to lightly hole-doped La2CuO4. We nd that for large
and strongly frustrating impurities, suh as Sr in La2−xSrxCuO4, the huge enhanement of the
longitudinal suseptibility suppresses the intermediate op and the reorientation of spins is smooth
and ontinuous. Contrary, for small and weakly frustrating impurities, suh as O in La2CuO4+y, a
disontinuous spin reorientation (two-step spin-op transition) takes plae. Furthermore, we show
that for La2−xSrxCuO4 the eld dependene of the magnon gaps diers qualitatively from the
La2CuO4 ase, a predition to be veried with Raman spetrosopy or neutron sattering.
PACS numbers: 74.25.Ha, 75.10.Jm, 75.30.Cr
Introdution − Besides being the parent ompound
of high-temperature superondutors, undoped La2CuO4
(LCO) exhibits remarkable and unusual magneti prop-
erties that have reeived a great deal of attention in the
past few years. These properties stem mostly from the
ombination of low rystal symmetry (in the low tem-
perature orthorhombi phase) and spin orbit oupling
that allows for the appearane of Dzyaloshinskii-Moriya
(DM) interations and result in the ourrene of phe-
nomena suh as: weak ferromagnetism,
1
anisotropi mag-
neti response,
2
eld-indued spin reorientation,
3,4
and
spin-op transitions,
1,3
among others. These many as-
pets of suh unonventional antiferromagneti material
have been thoroughly explored experimentally with Ra-
man spetrosopy, neutron sattering, and magneti sus-
eptibility measurements, and are at present fully under-
stood from the theoretial point of view, the agreement
between theory and experiment being remarkable.
57
When few holes are introdued into La2CuO4, the
long-range antiferromagneti order is rapidly destroyed,
for example at x ≈ 0.02 in La2−xSrxCuO4 (LSCO). The
doped holes, whih are trapped by the strong ioni po-
tential from the dopants, indue a loal spin distortion
whih frustrates the antiferromagneti interations and
eventually leads to the omplete suppression of the an-
tiferromagnetism. The amount of frustration introdued
through doping depends ruially on two aspets: i) the
strength of the ioni trap potential provided by the shal-
low aeptor; ii) the spatial position the dopant goes in-
side the rystal. It has been shown that for Sr aeptors,
8
whih are loated (out of the plane) at the enter of the
Cu plaquettes and provide a weaker potential, frustration
is maximized, while for O dopants, whih enter intersti-
tially into the matrix and provide a stronger ioni po-
tential, frustration is expeted to be muh smaller.
9
This
senario is onsistent with the fat that the Néel tem-
perature is suppressed muh more rapidly for Sr dopants
than for O ones,
2
and it is also onsistent with reent
magneti-suseptibility measurements whih show a large
impurity ontribution to the longitudinal suseptibility (a
diret measure of frustration, as we shall see below) for
La2−xSrxCuO4, while this is negligible for La2CuO4+y
(LCOy).
2
The natural question to be answered now is: how are
the magneti phenomena of La2CuO4 listed above aeted
by frustration upon doping? In what follows we will fo-
us on the fate of the spin reorientation and spin-op
transitions when a magneti eld is applied along the
in-plane orthorhombi b (longitudinal) diretion to Sr-
or O- doped La2CuO4. In the presene of a longitudi-
nal eld the DM interation auses the Cu
++
spins, ini-
tially oriented along b at zero eld (see Fig. 1 at θ = 0),
to gradually develop an out-of-plane omponent, whih
fully orients the spins along the c diretion above a er-
tain ritial eld H2c .
5,6,10,11
Moreover, the longitudinal
eld is expeted to ause a spin-op when H equals the
smaller of the transverse gaps. In the ase of undoped
LCO this means that at an intermediate eld H1c < H
2
c ,
of order of the in-plane DM gap, a spin-op transition
of the in-plane spin omponent is expeted,
5,6,10,11
with
the spins aligning in the ac plane. Even though the ro-
tation angle θ is ontinuous at the transition, its eld
dependene (slope) hanges, giving rise to a kink in the
θ(H) urve. The issue is whether this intermediate op
is atually present in doped LCO.
A very important lue to the answer for this question
omes from magnetoresistane (MR) experiments. In-
deed, as it has been shown reently in Ref. 12, the spin
reorientation for longitudinal elds auses an inrease of
the loalization length of the trapped arriers, whih en-
hanes their hopping ondutivity and leads to a large
negative MR. It turns out that the relative MR is a diret
measurement of the eld dependene of the angle θ(H).12
Thus, the kink of θ(H) at H1c should leave an imprint in
the MR urves. However, dierent θ(H) behaviors have
been obtained for dierent types of aeptors (O or Sr).
While the early data from Thio et al.
10
learly indiate
that suh an intermediate SF transition indeed ours
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FIG. 1: (Color online): Magneti struture of La2CuO4 for a
small longitudinal eld, H ‖ b. Solid (red) arrows represent
Cu
++
moments and for H = 0 we have θ = 0.
in O-doped (LCOy), and it is manifest as a kink in the
MR urves, the very reent MR experiments by Ono et
al. in untwinned LSCO single rystals have shown no
sign whatsoever of an intermediate SF transition.
13
As
we shall now explain, the suppression of the intermedi-
ate op in LSCO is a diret onsequene of the strongly
frustrating harater of the Sr aeptors. In addition,
we show that the eld dependene of the magnon gaps
in the doped ase an be qualitatively dierent from the
undoped ase depending on the amount of frustration in-
trodued by doping, a predition whih an be tested by
means of one-magnon Raman spetrosopy or Neutron
sattering.
The model − We start with a non-linear sigma model
desription for the low-energy dynamis of the spin de-
grees of freedom in undoped La2CuO4,
5
whih inor-
porates the DM and XY anisotropies (β = 1/T and∫
=
∫ β
0
dτ
∫
d2x)
Sn =
χ⊥
2
∑
m
∫ {
(∂τnm)
2 + c2(∇nm)
2+
(∆inn
a
m)
2 + (∆outn
c
m)
2 + η(nm − nm+1)
2
}
. (1)
Here nm is a ontinuous unit-length vetor eld whih
represents the three omponents of the staggered magne-
tization in the mth plane along the (a, b, c) orthorhombi
diretions, χ⊥ is the transverse suseptibility, c the spin-
wave veloity, η = 2JJ⊥ (with J, J⊥ in-plane and out-of
plane superexhange respetively), and ∆in (∆out) is the
in-plane (out of plane) gap, whose value is ontrolled by
the DM (XY) anisotropy. At zero magneti eld the
ground-state of the ation (1) is given by nm = σ0xˆb,
where xˆb is the unit vetor in the b diretion, and σ0 ≤ 1
is the order parameter renormalized by both quantum
and thermal utuations. There is almost perfet antifer-
romagneti (AF) Néel order within eah CuO2 layer (up
to a tiny anting staggered along the c axis due to DM
interations, not shown in Fig. 1), while spins in neigh-
boring layers exhibit AF and ferromagneti order along
the ac and bc planes, respetively (see Refs. 3,5 and ref-
erenes therein). At nite magneti eld the following
terms should be added to the ation (1)
5
SnH =
χ⊥
2
∑
m
∫ [
2iH · (nm × ∂τnm)−H
2
+(H · nm)
2 − (−1)m2H · (nm ×D)
]
, (2)
where D = Dxˆa is the DM vetor and we measured the
magneti eld in units of gsµB, where gs ≈ 2 is the gy-
romagneti ratio and µB is the Bohr magneton. For
H ‖ b this last term an be written as (−1)mHDncm,
and it is responsible for the development of a nite ncm
omponent of the order-parameter, i.e. to a ontinu-
ous rotation of the spins in the bc plane with 〈nm〉 =
(0, σ0 cos θ, (−1)
mσ0 sin θ), where θ is the angle the spins
form with the ab plane, see Fig. 1. By adding trans-
verse utuations to 〈nm〉 one an ompute the value of
the in-plane and out-of-plane gap as a funtion of mag-
neti eld.
5
One then nds that the in-plane gap (i.e.
the gap for the a utuations) dereases, and vanishes
at a ritial eld H1c = ∆in.
5,6,10,11
As a onsequene,
at H = H1c the spins perform an in-plane spin-op,
〈nm〉 = (σ0 cos θ, 0, (−1)
mσ0 sin θ), and orient in the ac
plane. Although sin θ is a ontinuous funtion of the eld
aross H1c , its slope hanges (see left panel of Fig. 2)
sin θ =
HD/σ0
∆2out + 4η −H
2
, 0 < H < H1c (3)
sin θ =
HD/σ0
∆2out + 4η −∆
2
in
, H1c < H < H
2
c (4)
leading to a kink in the eld dependene of θ(H).5 At
H ≥ H2c the spins are fully oriented along c (sin θ = 1).
Longitudinal spin suseptibility − The possibility to
observe the same feature at nite doping depends ru-
ially on the type of aeptor, O or Sr, introdued in host
La2CuO4. At low doping the holes are loalized by the
Coulomb trap potential provided by the dopants. The
hole wave funtion is given by ψ(x) = Ψχ(x), where Ψ
is a two-omponent spinor aounting for the pseudospin
degeneray (the hole an reside in either up or down sub-
latties), and χ(x) ∼ e−κx is an hydrogen-like loalized
state with inverse loalization length κ, desribing the
spatial dependene of the wave funtion. The oupling
between the holes pseudospin d = Ψ†σΨ and the bak-
ground magnetization leads to a partial frustration of the
AF order, i.e. to a (loal) spiral distortion of the Néel
phase and to a softening of the magnon gaps (at H = 0)
with respet to the undoped ase.
8,14
Besides this loal
eet, it has been proposed in Ref. [8℄ that in the presene
of a longitudinal magneti eld (i.e. H ‖ b) a new global
Zeeman oupling between the holes pseudospin and the
magneti eld is present
SHψ = −
δ
2
∑
m
[
d‖H(n
b
m)
2
]
, (5)
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FIG. 2: (Color online): Field dependene of the rotation angle
θ(H) for 1% doped LCOy (left) and LSCO (right). Observe
that for LCOy a kink at the intermediate spin-op transition
at H1c is observed, as indiated by the arrow.
where δ is the doping and d‖ is the eld-indued pseu-
dospin omponent along the eld diretion that an be
quite generially expressed as
d‖ = χ⊥χimpH. (6)
The exat value of χimp depends on the mirosopi de-
tails of the problem, suh as the strength of the trap
potential and the spatial distribution of the dopants.
8
In what follows, however, we shall assume that χimp
is a phenomenologial parameter that an be diretly
extrated from the enhanement of the longitudinal
suseptibility χb upon doping. Indeed, from the a-
tion (1) (for H ‖ b) and (5) one an easily derive
the spin suseptibility along b in linear-response the-
ory as χb = (1/βV )∂
2 logZ/∂H2|H=0,
7
where Z(H) =∫
Dn exp {− (Sn + SnH + SHψ)} is the Eulidean parti-
tion funtion for the total ation. The result is
χb = χ
u
b +
χ⊥D
2
∆2out + 4η
+ χ⊥δχimp, (7)
where χub = χ⊥[〈(n
a
m)
2 + (ncm)
2〉 − 4〈nam∂τn
c
m〉
2].7 In a
onventional (non DM) AF only the rst term in Eq. (7)
ontributes, and sine χbu vanishes at T = 0 one reovers
the expeted vanishing of the longitudinal suseptibility.
In undoped La2CuO4 the DM interation leads to the
seond term of Eq. (7), and then to a nite longitudinal
response even at T = 0.7 When the system is doped,
the trapped holes (impurities) ontribute to χb with the
last term in Eq. (7), leading to an even larger positive
inrease of the longitudinal suseptibility proportional to
χimp.
8
From the measurements of Ref. 2, shown in the
inset of Fig. 3, we see that while doping with O hanges
only slightly χb, leading to χimp ∼ O(1), doping with
Sr leads to a longitudinal suseptibility four times larger
than in the undoped ase, leading to χimp ∼ 100.
The two-step spin-op transition − To investigate the
eet of hole doping on the spin-op transitions we al-
ulate the eld dependene of the magnon gaps in the
presene of the impurity ontribution (5). Here we fol-
low the same proedure desribed in Ref. 5,6 for undoped
La2CuO4, by simply replaing in Eq. (2)
H2(nbm)
2 → H2(1− δχimp)(n
b
m)
2. (8)
As a onsequene, the eld evolution of the the out-of-
plane anting angle θ is given by
sin θ =
HD/σ0
∆2out(δ) + 4η − (1− δ χ
b
imp)H
2
, (9)
instead of Eq. (3), valid for the undoped system. To
aount for the rotation of the order parameter with
the eld, we introdue utuations nam, n
c′
m orthogonal
to the ground-state onguration 〈nm〉 as nm = 〈nm〉 +
(nam, σ0 cos θ − (−1)
m sin θnc
′
m, (−1)
mσ0 sin θ + cos θn
c′
m).
The spetral funtion of eah utuating mode has a two-
peak struture,
5
given by
Aa,c(ω > 0) =
[
Za,c+ δ(ω − ω+) + Z
a,c
− δ(ω − ω−)
]
, (10)
where ω± are the eigenvalues of the matrix of the trans-
verse utuations
ω2± =
x21 + x
2
2 + 4H
2 cos2 θ
2
±
+
1
2
√
(x21 + x
2
2 + 4H
2 cos2 θ)2 − 4x21x
2
2, (11)
and we dened
x21 = ∆
2
in −H
2(1− δχimp),
x22 = [∆
2
out −H
2(1− δχimp)] cos
2 θ + 2η(1− cos(2θ)).
The spetral weights
Za± = ∓(−ω
2
± + x
2
2)/2(ω
2
+ − ω
2
−)ω±,
Zc± = ∓ cos
2 θ(−ω2± + x
2
1)/2(ω
2
+ − ω
2
−)ω±,
allow one to identify the leading pole for eah mode. For
example, for H → 0 we have Za− ≫ Z
a
+, so that ω−
identies the evolution of the in-plane (or DM) gap at
small eld, and ω+ identies the out-of-plane (or XY)
gap, while as θ → pi/2 the situation is reversed.15 From
Eqs. (11), using ∆in < ∆out, one sees that the in-plane
gap (given by the ω− solution) vanishes when x
2
1 = 0, i.e.
at the ritial eld
H1c (δ) =
∆in√
1− δ χbimp
. (12)
Above H1c a spin-op ours, the spins rotate in the ac
plane with the angle θ desribed by Eq. (4), and the gaps
evolve aording to
ω2in = H
2(1− δχimp)−∆
2
in, (13)
ω2out = (∆
2
out −∆
2
in) cos
2 θ + 2η(1− cos(2θ)). (14)
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FIG. 3: (Color online): Field dependene of the in-plane
(DM) gap for undoped LCO and for doped LCOy and LSCO.
In the rst two ases χimp = 0 and χimp = 5, so that the
low-eld suseptibility has approximately the same value (see
inset), and an intermediate spin op ours at H1c given by
Eq. (12), where the gap vanishes. Instead, for doped LSCO
χimp = 120, χb is strongly enhaned (see inset), no interme-
diate spin op ours, and the in-plane gap never vanishes.
Inset: low-eld suseptibility data taken from Ref. [2℄.
Eq. (12) is the entral result of our paper. It tells us
that the larger the frustration introdued with doping,
δχimp → 1, the larger H
1
c will beome (with no solu-
tion at all for δχimp > 1). Eventually the rst riti-
al eld H1c beomes larger than the seond ritial eld
H2c , at whih spins are fully polarized along c, and as
a onsequene no intermediate spin-op ours. Consis-
tently, one would expet that in this ase the in-plane
gap does not vanish, as it follows indeed from the gaps
equation (11). For La2CuO4 all the parameter values are
extrated from Raman experiments:
5 D = ∆in = 2.16
meV, ∆out = 4.3 meV, η = 1(meV )
2
and σ0 = 0.5. At
nite doping D and η are almost unhanged, while one
expets a softening of the gaps due to the hole doping.
8,14
Finally, χimp is extrated, aording to Eq. (7), from
the low-eld suseptibility data,
2
and using the values of
H2c measured by magnetoresistane
10,13
one an also es-
timate σ0, whih enters in the eld dependene (3)-(9)
of the anting angle θ. For La2−xSrxCuO4 at x = 0.01
we have ∆in = 1.55 meV
4
, ∆out = 3.2 meV
14
, σ0 = 0.32,
and χimp = 120. Suh large value of χimp implies that no
intermediate spin op ours, θ inreases smoothly with
the applied eld aording to Eq. (9), as shown in the
right panel of Fig. 2, and no features are expeted in the
MR urves.
12,13
Furthermore, the in-plane gap softens
only slightly with the eld but never vanishes. This sig-
nals the strongly frustrating harater of the Sr dopants.
Moreover, a spetral-weight redistribution between the
two poles of the spetral funtion (10) is expeted, that
will be disussed elsewhere.
15
For La2CuO4+y at y = 0.01
one has
10 ∆in = 1.2meV, D = 1.6meV, ∆out = 2.6meV,
σ0 = 0.4, and χimp = 5. The impurity ontribution to
the low-eld suseptibility is negligible (see inset Fig. 3),
and the rst ritial eld (12) is just slightly larger than
the value from ∆in, around ≈ 10 T.
10
Thus, θ inreases
aording to Eq. (3), with a kink atH1c that shows up as a
knee in the magnetoresistane,
10
whih is proportional to
sin2 θ.12 At the same time the in-plane gap softens with
inreasing eld, it vanishes at H1c and inreases again
at larger eld, aording to Eq. (13), following the same
behavior measured in the undoped ompound
4,5
.
Conlusions − We have investigated the inuene of
frustration on the sequene of spin-op transitions in
lightly hole doped La2CuO4. We have demonstrated that
for strongly frustrating dopants, whih have a large impu-
rity suseptibility and give rise to a large T = 0 longitu-
dinal suseptibility (a diret measure of frustration), the
eets of a longitudinal magneti eld on the underlying
Cu
++
spins is weakened. As a result, the in-plane gap
depends only softly on the applied eld and never van-
ishes. Thus, while for weakly frustrating impurities, like
in La2CuO4+y, the intermediate SF transition is in fat
present, it is ompletely suppressed for strongly frustrat-
ing impurities, like in La2−xSrxCuO4. Finally, we predit
that for La2−xSrxCuO4 the magneti eld dependene of
the magnon gaps diers qualitatively from the observed
behavior in undoped La2CuO4
4,5
and thus we propose
one-magnon Raman spetrosopy or neutron sattering
as smoking gun experiments to be performed in order to
give support to the underlying mehanism of trapped-
holes induing loal spiral distortions.
8
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